For various applications of solar thermal energy, the compound parabolic collector (CPC) is frequently used. To overcome the major limits of a traditional CPC, including a rapid increase in height for a larger aperture width and a low concentration ratio, a modified design was proposed in this paper. This research follows the recent study of Jadhav et al., which used only the region below the common focus of parabolas. Through optical analysis, a design modification was achieved by adjusting the vertical position of the receiver. From the results, setting the height of the receiver to 0.46 times the aperture width was found to permit a greater collection range of incident rays. In addition, a better method for evaluating the performance of the CPC was proposed using an intercept factor to account for the total reflection phenomenon caused by the receiver. By applying the approach to different cases of focal length, it was shown that the concentration ratio was not strongly affected by an increasing focal length owing to the low correlation between the concentration ratio and focal length.
Introduction
The compound parabolic concentrator (CPC) was designed to allow collection of large amounts of solar thermal energy. A CPC consists of two parabolas with compound rotation and is able to concentrate incident rays on a focal region without a complex solar tracking system. However, there is a trade-off, wherein the height rapidly increases for a larger aperture width and a low energy concentration performance. Literature on this topic shows that several different designs have been proposed [1] [2] [3] [4] [5] , each of which could successfully overcome these limits to a varying degree.
In 2013, the designs reported in the literature were further improved by Jadhav et al. [6] . Without compromising the concentration ratio (CR) defined in Eq. (1), the modified design used the region below the common focus of parabolas. In this case, the height of the CPC was only half the aperture width. This made fabrication and installation more achievable than previous designs.
where D is the aperture width and d is the diameter of the receiver.
In this paper, continuing upon the ideas of Jadhav et al. [6] , a modified CPC is proposed through optical analysis. This design improvement is achieved by adjusting the vertical position of the receiver through optical analysis, to permit a greater collection range of incident rays. To account for the total reflection phenomenon caused by the receiver, an intercept factor is introduced for assisting in a better evaluation of performance of the CPC. From analysis, it can show whether the focal length will substantially affect the concentration ratio.
Modified design of CPC
The design of a modified CPC is shown in Fig. 1 (a) , which is similar to that of Jadhav et al. [6] . The aperture width (D) is two times the height (H), i.e., D = 2H. The half-acceptance angle of the modified CPC is 1.5°. This is the rotation angle of the parabola with respect to its original axis of symmetry. For the receiver at point P 3 , a 40 mm diameter evacuated tube collector was selected. The coordinate of P 3 will be discussed later. Optical analysis was accomplished using MATLAB ® . Fig 
Vertical position of tubular receiver
In the original design of Jadhav et al. [6] , the vertical position of the tubular receiver was equal to H (or 0.5D). However, it is a question as to whether there is a design improvement. Thus, an optical analysis was performed aperture tubular receiver
based on a focal length of 0.5 m and a variable H/D ratio, as shown in Fig. 2 . The analysis involved the comparison of the sum of the allowable incident angles with respect to the y-axis that could strike the receiver with or without reflection. As shown in Table 1 , if the vertical position of receiver was 0.46D (i.e., 0.46 times the aperture width) a greater collection range of incident rays could be permitted. In other words, the optimal coordinate of point P 3 was (0, 0.46D). Note that owing to the symmetry of the CPC, the analysis was also applicable to the -x situation. 
Total reflection phenomenon
If a ray strikes the tubular receiver at an incident angle larger than the critical angle (41.5°) with respect to the normal, the ray will be entirely reflected by the receiver and it will not penetrate. This is the phenomenon of total reflection. Because this behavior would decrease the concentration ratio, Eq. (1) should be corrected by introducing an intercept factor (IF). As defined in Eq. (2), the intercept factor is the mean of the ratio of r to c , where r is the sum of allowable positive incident angles with respect to the normal of the receiver; c is the half-acceptance angle of the CPC, i.e., 0 r c and c is 1.5°. This is because the CPC is symmetrical about the y-axis. 
As noted, the optimal vertical position of the receiver is 0.46D. Using these design parameters, including the halfacceptance angle of 1.5° and a receiver of 40 mm in diameter, the correlation between IF and focal length can be investigated. This is shown in Fig. 3 (a) . The relationship in terms of +x position of the CPC is shown in Fig. 3 (b) . From the analysis, the IF had a maximum value at the minimum focal length. As the focal length increased, the IF was found to decrease following a gradually flattening curve. An inverse first-order polynomial equation, as formulated in Eq. Applying the values of IF to Eq. (1), a corrected concentration ratio (CR cr ) was determined; the corrected concentration ratio is given by Eq. (4). Based on this approach, the variations in concentration performance for different focal lengths can be sufficiently investigated. As shown in Table 2 and Fig. 4 , a low correlation between CR cr and focal length is suggested. The CR cr varies slightly from 8.0 to 9.0 as the focal length increases from 0.3 m to 2.4 m. This change is less drastic than in the case of the uncorrected concentration ratio, neglecting the total reflection phenomenon. Thus, the inclusion of IF for assisting in a better evaluation of performance of the CPC is justified. It is shown that an increasing focal length has a limited effect on the concentration ratio. 
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Conclusion
Continuing the research of Jadhav et al. [6] , a modified design of CPC was presented in this paper. Using the region below the common focus of parabolas, the height of the CPC could be effectively reduced without compromising the concentration ratio. This modification was achieved by adjusting the vertical position of the receiver through optical analysis. It was shown that in the case where the height of the tubular receiver was 0.46 times the aperture width, a greater range of incident rays could be collected. In addition, to account for the total reflection phenomenon caused by the receiver, an intercept factor was introduced. This permitted a better evaluation of the correlation between the performance of the CPC and the focal length. From the analysis, it was suggested that an increasing value of focal length would not substantially affect the concentration ratio.
